Fragile histidine triad protein (Fhit) is a protein which primarily hydrolyses dinucleoside polyphosphates. To investigate possible interactions between the protein and a substrate, we used a nonhydrolyzable phosphorothioate analog of Ap 4 A, containing 5-bromo-2 0 -deoxyuridine instead of one adenosine residue. Photocrosslinking, followed by LC-MS experiments, determined a complex in which the probe was covalently linked to the NDSIYEELQK peptide (residues 110-119). The peptide was located within the 'disordered' region, which is invisible in the known crystal structures of Fhit. This invisible and flexible part seems to play a role in the stabilization of the Fhit-substrate complex, which may be important for its tumor suppressor activity.
Fragile histidine triad (Fhit) protein is a small eukaryotic protein (18.8 kDa) found in organisms from fungi to man. Fhit is involved in several cellular processes, including cell cycle control and apoptosis induction [1] [2] [3] . The loss of Fhit expression is observed in premalignant lesions of the esophagus, stomach, cervix, and other organs, suggesting that a lack of Fhit is related to the initial stages of multistep carcinogenesis [4] . Fhit is also involved in responses to oxidative stress [5, 6] and genotoxic stress [4] , can modulate calcium release from mitochondria [7] and participates in preventing spontaneous DNA damage [8] . The most recent cancer-associated function of Fhit is the discovery that its loss induces global genome instability; thus, Fhit acts as a genome 'caretaker' [9] .
Fhit belongs to the histidine triad (HIT) superfamily of nucleotidylyl hydrolases and transferases, which are ubiquitous in organisms [10] . These enzymes are characterized by a conserved H-X-H-X-H-X-X-X motif (H is a histidine residue, and X is a hydrophobic amino acid) at their catalytic center. In vitro, Fhit acts as a hydrolase-specific enzyme (EC 3.6.1.29) primarily toward dinucleoside polyphosphates, with Ap 3 A being a preferred substrate [11] . The hydrolytic activity of Fhit is lost upon a His96Asn mutation. This mutant Fhit, similar to wtFhit, functions in a proapoptotic tumor suppression pathway in cancer cells [12] . Moreover, Fhit-negative tumor cells expressing mutants of Fhit with 2-and 30-fold higher K m (lower affinity) promote cell death less effectively than wild-type FHIT-infected cells [13] . This loss of apoptotic activity, together with the loss of substrate binding, allows to hypothesize that the Fhit-substrate complex is a tumor suppressor signaling molecule, and hydrolysis of its substrate terminates signal transduction [12, 13] . In 2012, we demonstrated that ApsxpsA (a nonhydrolyzable, bis-phosphorothioate derivative of Ap 4 A containing a glycerol molecule instead of two middle phosphates; Fig. 1 ) induced caspase-dependent apoptosis in Fhit-positive HEK 293T cells [14] . AspxpsA exhibited high affinity to Fhit but inhibited its hydrolytic activity [15] . As a result, the lifetime of the signaling complex ApsxpsA/Fhit was prolonged, and apoptosis was promoted. Recently, the new function of Fhit was identified and characterized as a new scavenger decapping enzyme involved in cap degradation in vitro and in vivo [16] . For this role, the Fhit hydrolytic activity is essential.
Crystallographic data of Fhit revealed that Fhit forms a homodimer comprising two identical purine mononucleotide-binding sites and binds two Ap n A molecules [17] . At each binding site, one adenosine 5 0 -O-phosphate moiety is tightly bound and placed close to the catalytic histidines, whereas the second adenosine residue is exposed to the solvent. However, the X-ray data are incomplete and do not provide information on a flexible 107-127 segment of the protein. Such regions, the structures of which remain undefined (the relevant co-ordinates are missing because the atoms are highly mobile), are named disordered regions. There are evidences that upon binding to an interacting partner the disordered regions may undergo a disorder-to-order transition [18] .
Tyr114, one of the aminoacids placed within the disordered region 107-127, plays a critical role in Fhitinduced cell death: caspase-dependent apoptosis was triggered only by wild-type Fhit and not by the Y114F mutant [19] . Although Tyr114 is essential, its phosphorylation is not required for the proapoptotic activity of Fhit. Biochemical studies suggested that this segment may be involved in binding and/or hydrolysis of the substrate, because Tyr114 can be phosphorylated in vitro and in vivo [20, 21] and the phosphorylation does change the kinetic parameters of the enzymatic activity of Fhit (decreasing its K m and k cat values). As a result, authors hypothesized that at certain conditions the loop may hover over the substrate surface.
In this study, we aimed to determine if the disordered region 107-127 of Fhit is able to interact with the substrates (e.g., with Ap 4 A), because the altered conformation (due to the reduced flexibility) may affect the complexing with other binding partners and may promote the observed diversity in biological activity of Fhit.
One useful method to identify structural information regarding a protein-nucleic acid interface is (photo) crosslinking of the components followed by protein/ peptide sequencing of the complex. The photocrosslinking technique is based on the formation of covalent bond(s) between the nucleic acid and protein following UV excitation of a photoreactive group (in any component), without the use of any additional chemical reagents [22] . However, the correct orientation, proper distance, and electronic properties of the participating residues are important for the efficiency of the photocrosslinking process. A yield exceeding 10% strongly indicates that the crosslinking reflects specific interactions and provides material suitable for productive characterization. A useful variant of the photocrosslinking methodology involves the substitution of 5-bromouridine for uridine in RNA [23] or 5-bromo-2 0 -deoxyuridine for thymidine in DNA [24] . Upon excitation at 312 nm, the 5-bromouracil chromophore can react with amino acid aromatic sidechain substituents (Tyr, His, and Trp) [22, 25] , sulfurcontaining substituents (Cys) [22, 26] , a peptide linkage [22, 25] , and even alanine [22] , and this process is accompanied by the elimination of HBr [22, 27, 28] . Importantly, because the excitation is performed at a relatively long wavelength, other potentially photoreactive chromophores present in a protein are only marginally excited, thus, protein self-crosslinking can be minimized. To establish the molecular mass of a crosslinked oligonucleotide/protein complex (or oligonucleotides/ peptides resulting from enzymatic digests of the crosslinked protein-nucleic acid complex), HPLC coupled with electrospray ionization mass spectrometry (HPLC-ESI MS = LC-MS) is a primary method that can be used [29, 30] . Although ESI MS of peptides is performed in the positive ion mode and ESI MS of nucleic acids is normally performed in the negative ion mode, to investigate oligonucleotide/protein complexes, mass spectrometry (MS) can be used in the positive mode.
Following these premises, we prepared another nonhydrolyzable phosphorothioate analog of Ap 4 
(PSA), which is an analog of the aforementioned ApsxpsA and possesses the above discussed 5BrdU moiety suitable for photocrosslinking experiments [23] . Using a gel shift retardation assay, we determined that recombinant Fhit forms a complex with PSA. This complex, after fixing by irradiation at 312 nm, was analyzed using LC-MS/MS performed after trypsin digestion of the photocrosslinked complex. These experiments allowed the identification of the peptide covalently linked to PSA. Notably, this peptide was located within the flexible part of the protein, which is not visible in the known crystal structures of human Fhit obtained thus far [17, 31, 32] . Finally, computer modeling was used to show possible interactions between Fhit and its substrate/inhibitor at the molecular level.
Materials and methods

Synthesis and purification of the substrates
The solid-phase synthesis of PSA and TPOA dinucleotides ( Fig. 1 ) was performed on a 0.5-lmol scale following a standard phosphoramidite procedure as described elsewhere [33] . Special purification steps were described at Supporting information.
The molecular masses of the isolated product, PSAx, were confirmed by MALDI-TOF MS (m/z = 804.08; calc. = 806.3). The total amount of all four PSAxs was 3 OD units.
Compound ApsxpsA (Fig. 1 ) was obtained as described previously [15] . ApsxpsA used for these studies was a mixture of diastereoisomers at the P-chiral center of phosphorothioate functions. The molecular masses of the products were confirmed by MALDI-TOF MS negative (m/z = 781.59, M calc = 782.4).
Purification of Fhit
The human Fhit protein was expressed from a pSGA02 plasmid [34] in an Escherichia coli BL 21* strain as was described previously [13] . Homogeneous enzyme preparations were concentrated to 4-8 mgÁmL À1 and stored at À80°C. The purity of the enzyme was checked on SDS-gel electrophoresis (Fig. S1 ).
Complex formation
Each of the four phosphorylated [ 32 P] diastereomeric *PSAx (0.06 nmol) was mixed with Fhit (0.06, 0.12 or 0.24 nmol) in buffer F (20 mM HEPES-Na pH 7.0, 0.5 mM MnCl 2 ) in total volume of 5 lL, at the molar ratios of 1 : 1, 1 : 2, and 1 : 4, respectively. Next, the mixtures were incubated at room temperature for 5 min, cooled on ice and photocrosslinked at 312 nm, 120 mJ over 2 9 10 min at 5 min intervals, and analyzed using a gel retardation assay in 6% polyacrylamide native gels (prepared in a 0.5 9 TBE buffer) at 4°C (under temperature-controlled conditions for experiments without photocrosslink) after autoradiography. Competitive photocrosslinking reactions were performed as indicated at figure legend.
Tryptic digestion and LC-MS/MS analysis
For LC-MS experiments, 17 lg of Fhit (1 nmol, 33 lM) was mixed with 1 or 0.5 nmol of PSA-3 in buffer F; after 5 min of incubation at room temperature, the mixture (a total volume 30 lL) was photocrosslinked (120 mJ) in an ice bath for 3 9 20 min at 5 min intervals. For tryptic digestion, the mixture was dissolved in 25 mM NH 4 HCO 3 (90 lL). A 30-lL aliquot (containing approximately 10 lg of Fhit) was then treated with trypsin (1 lg; Sequencing grade modified trypsin, Promega; Fhit : trypsin = 10 : 1, wt/wt) at 37°C.
The liquid chromatography-mass spectrometry (LC-MS) analyses were performed using a Q-ToF Premier mass spectrometer equipped with a quadrupole Time of Flight (ToF) hybrid analyzer (Waters, Milford, MA, USA) coupled via an ESI source to a nano-flow HPLC system (NanoLC-ESI-MS system; Waters). The trypsin-digested protein hydrolyzate (3 lL) was injected onto a trap column (Symmetry C18; 5 lm, 180 lm 9 20 mm) and separated on an analytical column (Symmetry C18; 1.7 lm, 75 lm 9 250 mm). The elution was performed using a gradient of mobile phase A (0.1% formic acid in water) and B (0.1% formic acid in acetonitrile) at a 250 nLÁmin À1 flow rate at room temperature. The B concentration was increased from 5% to 30% over 45 min, to 90% over 3 min, then isocratically for 5 min. The ESI source operated in the positive ionization mode with a capillary and cone voltage set at 1850 and 40 V, respectively, with a desolvation temperature of 150°C. The mass spectra were recorded in the range of m/ z = 500-4200 (no fragmentation by collision-induced dissociation was applied). Tandem mass spectrometry (MS/MS) was performed for precise determination of the molecular weight. The MS/MS scan spectra were aligned using MASSL-YNX TM 4.1 software (Waters), and the masses were assigned using the MAXENT3 software (Waters).
To identify the signals corresponding to the peptides modified by the attached 5
0 (PSA-HBr, Dm/z = 725.29 AE 2 Da) and those that additionally acquired Na + or/and K + (m/z = 22.99 or 39.1, respectively, or a combination thereof), the recorded peptide patterns were compared with the control MS/MSscan spectra obtained for the UV-irradiated and trypsinized Fhit protein alone. To identify the sequences of these peptides, the UniProt human protein database was searched, and signature peptides were selected based on in silico prediction tools (Table 2) . During analysis of the mass spectra the following steps were executed: (a) removal of peaks present simultaneously in the spectra of Fhit alone and of the Fhit-PSA complex, (b) calculation of possible m/z values for all predicted peptides after addition of the PSA probe (+ 725, concomitant elimination of HBr) and attraction of several Na + and K + ions (up to of 5, but it depends on the nature of given peptide). Then, for the peaks of reasonable intensity present only at the MS spectra of the irradiated samples we searched for their m/z value in the table. (c) The irreproducible peaks (seen only at one spectrum of a few collected from the same reaction mixture) were excluded. The MS spectra were collected from two independent experiments, each LC-MS was repeated twice.
Molecular modeling of the Fhit-PSA complex and energy minimization
The Fhit protein structure (PDB ID: 1FHI) [17] was used as a template for molecular modeling. For the final Fhit-PSA complex model, the energy minimization was calculated using YASARA Energy Minimization Server [35] .
Disorder prediction
Protein disorder was predicted using FoldIndex [36, http:// bip.weizmann.ac.il/fldbin/findex] algorithms. FoldIndex tries to answer the question whether or not the protein folds. This process estimates the local and general probability for the provided sequence to fold under specified conditions.
Results and Discussion
Nucleoside phosphorothioates suitable for complex formation and photocrosslinking experiments that are not hydrolyzed by Fhit
The synthesized dinucleoside P 1 ,P 2 -di(phosphorothioate) probe PSA ( Fig. 1) is an analog of Ap 4 A that also resembles ApsxpsA. PSA contains one adenosine moiety that is replaced with a 5-bromo-2 0 -deoxyuridine (5Br-dU) residue, a trimethylene linker (instead of the glycerol residue) that spans the phosphorothioate moieties and was not hydrolyzed by Fhit. The 5Br-dU moiety, suitable for photocrosslinking experiments, was connected by the O 3 0 -P linkage (here, this phosphorus atom is denoted P 1 ), but it has been demonstrated that Fhit tightly binds only one adenosine phosphate residue of Ap n A, whereas the other end of the substrate freely floats outside the protein [17] . We assumed that the P-O 5 0 -linked adenosine (this phosphorus atom is denoted as P 2 ) of PSA will be accommodated by the enzyme with substantially preserved affinity. Our assumption was based on reports that fluorescent ApppBODIPY and GpppBODIPY are effectively cleaved by Fhit to yield AMP or GMP and fluorophore diphosphate (ppBO-DIPY), and the A?BODIPY substitution affects k cat rather than K M [37] .
Enzymatic determination of the absolute configurations of P-atoms
Because phosphorothioate linkages in PSA were formed using a nonstereo-controlled method, and because of the stereogenicity of both phosphorus atoms (P 1 and P 2 ), the product was obtained as a mixture of four P-diastereoisomers (S P S P , R P S P , S P R P , and R P R P ). After reverse phase HPLC purification (see the Supporting information), these isomers were chromatographically separated into pure P 1 ,P 2 -diastereomers. The absolute configurations of the P-atoms were assigned by enzymatic hydrolysis with S P -specific nuclease P1 (nP1) and R P -specific snake venom phosphodiesterase (svPDE) according to a previously described method [33] . For further experiments, diastereomerically pure compounds were used, and the assigned absolute configurations are used in the text. Absolute configurations of the P-atoms in P-diastereomers of PSA (listed in the 5 0 ?3 0 direction) are presented in Table 1 .
Complexes of specific P-diastereomers of *PSA with recombinant Fhit
The PSA probe was expected to form hydrolytically stable complexes with Fhit. To investigate their stabilities, all four 5 0 -[ 32 P]-end-labeled PSA substrates (denoted as *PSAx) and Fhit were mixed and assayed under conditions highly favorable for hydrolysis (1 : 1 substrate : enzyme molar ratio and incubation at 37°C for 5 and 20 h). Autoradiography of the relevant PAGE gels indicated no products of hydrolysis (data not shown). Nonetheless, to fully prevent the enzymatic activity of Fhit, the photocrosslinking experiments were performed in an ice/water bath (0°C).
To form crosslinked complexes with the protein, 12 lM *PSAx substrates was mixed with recombinant Fhit (48, 24 or 12 lM), that gives 1 : 4, 1 : 2, or 1 : 1 molar ratios, and after 5 min of incubation, the mixtures were UV irradiated (k = 312 nm, 120 mJ; for details see the Materials and methods) to produce stable covalent complexes. The complexes were analyzed using a gel retardation assay (native conditions) and detected by autoradiography; thus, only species bearing the radioactive 32 P label could be observed (the unbound protein was not visible). The assay performed under denaturation conditions (see supporting information) demonstrated that the consumption of the probes ranged from 5 to 25%.
Our data (presented in Figs 2 and S2 ) demonstrated that the efficiencies of complexing/photocrosslinking for the four diastereomeric *PSAx were not identical (although similar), and the R P R P -PSA-2 complex was less abundant than others (representative results at a 1 : 4 molar ratio are provided in Fig. 2) . The observed lower affinity of the R P R P form (equivalent to the R P S P isomer in N PS N 0 ) of the dimer is consistent with earlier crystallographic data showing that wtFhit accommodates the S P stereoisomer of 3
if the sulfur atom is placed at the residue extending outside of the binding pocket near Leu100. Conversely, the enzyme prefers the R P isomer if the phosphorothioate adenosine residue is placed at the binding pocket near catalytic His96 [17] . Moreover, earlier biochemical studies revealed that for a certain class of phosphorothioate substrates, Fhit does not prefer a specific single P-epimer but hydrolyzes the R P isomer slightly better than other isomers [38] . Undoubtedly, the stereochemistries of the phosphorothioate linkages may affect photocrosslinking efficiency because of possibly different energies and geometries of the excited states of the P-diastereomers of the probe [39] . Recently, it was demonstrated that symmetrical P 1 ,P 3 -bis-thio-di(adenosine-5 0 -yl) triphosphate was hydrolyzed by Fhit and the rate of the cleavage depended on the configuration of the stereogenic phosphorus atoms: the S P R P isomer (which is equal R P S P isomer for this symmetrical molecule) is the best substrate for Fhit, while S P S P and R P R P were cleaved with lower efficiency [40] . However, we did not focus on these differences in this research; for further studies, we selected the isomers PSA-3-R P S P and PSA-1b-S P R P , which formed the complexes most efficiently and which is in agreement with the kinetic data obtained for the symmetrical P 1 ,P 3 -bis-thio-di(adenosine-5 0 -yl) triphosphate [40] . To confirm the specificity of the interactions between Fhit and *PSAx, the formation of noncovalent complexes (without UV irradiation) was investigated by electrophoresis gel shift retardation (native conditions) performed at 4°C. The analogous molar ratios produced bands of similar electrophoretic mobility, but their abundances were much lower (Fig. S2 ).
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PSA/Fhit complex Table 1 . Absolute configurations of the P-atoms in P-diastereomers of PSA as listed in the 5 0 ?3 0 direction and determined by enzymatic digestion with svPDE and, independently, with nP1 (the '+' and 'À' signs indicate hydrolysis and lack of hydrolysis, respectively). In standard dinucleoside phosphorothioates (N PS N'), the nP1 and svPDE nucleases catalyze the hydrolysis of internucleotide linkages bearing the phosphorus atom of the absolute configurations of S P and R P , respectively. If the relative spatial orientation of the substituents around P1 in PSA is identical to that in N PS N', the absolute configurations are also the same (e.g., S P for P1 in PSA and S P for the phosphorus atom in N PS N'). Thus, the results of hydrolysis with nP1 should be interpreted in a standard way. Importantly, the identical relative orientation of the substituents around P 2 produces the absolute configuration of P 2 opposite to that in N PS N'. Thus, the results of hydrolysis with svPDE should be interpreted in the opposite way-that is, successful hydrolysis indicates the S P absolute configuration.
Substrate nP1 #1-P svPDE #2-P Absolute configurations
Additional evidence for site-specific interactions between Fhit and *PSAx was obtained from photocrosslinking experiments with competitors. After 5 min of incubation of the mixture containing Fhit and TPOA competitor, *PSA-1b or *PSA-3 was added, and the subsequent mixture was photocrosslinked as stated earlier. TPOA is a PSA congener containing phosphates instead of phosphorothioates and thymidine instead of 5Br-dU (Fig. 1) . We expected that TPOA would compete with the probe for the same enzyme domain, and, after irradiation, the total amount of radiolabeled nucleoprotein complexes would be reduced. Indeed, we observed that increasing amounts of TPOA (the molar ratios *PSA-1b:TPOA: Fhit changed from 1 : 4 : 4 to 1 : 10 : 4) reduced the amount of the *PSA-1b/Fhit complex (Fig. 3A) . A similar result was observed for *PSA-3 as with the substrate, in which the molar ratio of *PSA-3:TPOA:Fhit was 1 : 2 : 2. In this case, a reduced amount of the nucleoprotein complex was also detected compared with the reaction without the competitor (Fig. 3B) . In another experiment, we used ApsxpsA, a known inhibitor of Fhit enzymatic activity (K i = 35 nM), as a competitor for PSA-3 [14, 15] . As expected, increasing amounts of this compound (0.13 and 0.26 nmol) reduced the level of the corresponding labeled complex (Fig. 3B) . These results indicated that the probes and competitors bound to the same site, most likely to the catalytic center of the enzyme, and the *PSA probes did not bind randomly to Fhit.
During our photocrosslinking experiments, we did not observe the presence of (Br)dU/dU dimers, so either the *PSAx probes did not undergo self-photocrosslinking or this process was of low abundance. The latter finding is consistent with a previous report that irradiation with monochromatic light at 266, 308, or 325 nm of a mixture of BrU and N-acetyltyrosine N-ethylamide in pH 7 aqueous medium provides U as a minor product and N-acetyl-m-(5-uridinyl)tyrosine N-ethylamide as a major product [27] . Thus, these reactions might result from the excitation of the amino acid residue rather than from the excitation of BrU.
LC-MS/MS analysis
To more precisely determine the region(s) of PSA/Fhit interactions, the photocrosslinked complex of Fhit and unlabeled PSA-3 was hydrolyzed with trypsin followed by LC-MS/MS analysis. The probe (16.5 or 33 lM) and enzyme (33 lM, a sample of 17 lg of Fhit was used) were mixed at 1 : 1 (Fig. 4A) and 0.5 : 1 (Fig. S3A ) molar ratios. As a control, Fhit alone was subjected to the same irradiation/hydrolysis process (Fig. 4B, Fig. S3B ). The pattern of peptides expected in the hydrolysate (generated using in silico tools) is presented in Table 2 . However, some peptides were not observed in the LC-MS/MS spectra ( Table 2 , Figs 4 and S3) .
The LC-MS/MS spectra obtained for the trypsinized PSA-3/Fhit complex were searched for signals attributable to the peptide/probe adducts ( Figs 4A and S3A) . Because the alkylation step was not performed before MS analysis, we did not expect any additional modification of the obtained peptides or the probe. Other post-translational modifications like phosphorylation, methylation, acetylation, deamination, alkylation at the Fhit protein are not reported at standard expression conditions in E. coli system and we neither expected any of them nor observed at MS spectra [21] . However, some undefined but not reproducible peaks (of low intensity) can be seen at some spectra, but they were not recognized as diagnostic. Some of these peaks can result from irradiations at 312 nm, because it still leads to some protein damage due to absorption of other chromophores in the nucleoprotein complex, although this phenomenon is much less efficient than for irradiation at 254 nm. If the formation of a covalent bond spanning both moieties was accompanied by the elimination of HBr (the primary mechanism after irradiation at 312 nm), the m/z parameter for a given adduct should correspond to the mass of the parent peptide plus 725.29 AE 2 Da (806.2 AE 2 Da for PSA-3 decreased by 80.91 Da for eliminated HBr). Moreover, these bands should not be present in the spectra recorded for the processed Fhit protein prepared without the PSA-3 probe (Fig. 4B-control 1 and Fig. S3B-control 2) . Following these indications, a peak at m/z = 2145.35 (2145.25) was considered because it was observed for the complexes formed at both PSA-3/Fhit ratios (vide supra). This peak corresponded to the adduct of a NDSIYEELQK peptide (110-119 amino acids, 1238.64 Da (or at other spectra 1238. 43 +/À means that peptides appear at some spectra and not at some.
observed peak (2145.35), which came from a moderate accuracy of our mass spectrometer, also observed in the determination of the mass of PSA by MALDI-TOF. The number of acquired cations is justified by the presence of four acidic amino acids bearing a carboxylic function (inside the sequence and at the C-end) and the negatively charged phosphorothioate group of the probe. Phosphorothioate nucleic acid oligomers typically attract a few potassium and sodium cations, producing the corresponding peaks in mass spectra. The attraction of sodium and potassium ions is known for nucleic acid oligomers [41] and their phosphorothioate analogs [42] . Moreover, it was also noticed for peptides and proteins [43, 44] , as well as for oligosaccharides [45] . In Figs 4A and S3A, the peak at m/z = 2145. 35 (2145.25 ) is marked with a red circle. Importantly, this abundant and reproducible peak was not detected in the LC-MS spectra recorded for Control-1 and Control-2: Fhit alone without addition of PSA-3 (Figs 4B and S3B). Moreover, a new peak at m/z = 2145.35 has appeared, while at the same moment the peak of peptide 1238.64 has decreased in the probe and UV-treated samples ( Figs 4A and S3A ), compared to the control samples ( Figs 4B and S3B) . The peaks seen only at certain spectra (collected in the experiment with probe and UV) were excluded from analysis, because they are not reproducible and their presence is not diagnostic. Additionally, after taking into account many possible combinations of sodium and potassium ions (total ≤ 5 ions, dependent on a given peptide) we did not find any other peak which could respond to the probe crosslinked with other peptides.
According to the model studies and experimental data presented in the Introduction section, Tyr114 is the most probable residue that can react with BrdU in PSA during photocrosslinking at 312 nm, indicating that it is placed at a proper distance to interact with the probe.
Molecular modeling of the PSA-3/Fhit complex
In the peptide fragments resulting from the trypsin digestion of Fhit, Tyr114 was placed in a peptide comprising 21 residues (aa 107-127) that was originally present in the unstructured loop placed at the C-terminal part of the catalytic site of Fhit. In all crystal structures reported to date, this loop remains undefined; thus, possible interactions of these amino acids with nucleotide substrates cannot be analyzed [17, 31, 32] . Based on our above results and the crystal structure of Fhit in a complex with compound IB2 [17] , which is a nonhydrolyzable, phosphorothioate analog of A P3 A containing a -P-CH 2 -P-PS-polyphosphate chain (where P is a phosphate and PS is the phosphorothioate group), we wanted to confirm the interactions between PSA-3 and Fhit identified by the LC-MS experiment. The Fhit protein structure (PDB ID: 1FHI) [17] was used as a template for molecular modeling of the missing loop fragment (aa 107-127), and three possible loop structures (Fig. 5) were generated using the SWISS-MODEL web server [46] . It should be noted that the loop can adopt fully open (loop 1), partially open (loop 2), or closed (loop 3) forms. Following our data (vide supra), we maintained the PSA-3 molecule crosslinked to the protein at the Tyr114 residue (the covalent linkage).
Because of the absence of the PSA molecule coordinates in the structural databases, the template was generated using the JLigand program from the CCP4 suite [47] , and the molecule (covalently bound to Fhit via Tyr114) was manually docked into the binding pocket [48] . To obtain the final PSA-3/Fhit model, energy minimization was performed, and the resulting complex is presented in Figs 5 and S4 .
Inspection of the electrostatic potential surface, which also demonstrates space filling (Fig. S4) , reveals that upon binding, the PSA-3 probe causes the enzyme to adopt a more spherical shape (Figs S4B vs S4A) . The aa 107-127 loop has a prevailing negative potential and is rich in hydrophilic amino acids; thus, it can easily interact with water molecules even if it is in the open position when the binding pocket recruits a substrate or an inhibitor (the hypothesis of ligand free, open, and ligand bound, closed, states).
Structural disorder in the Fhit protein
Intrinsically unstructured/disordered proteins have no single well-defined tertiary structure in their native state. To predict regions of disorder in the Fhit protein sequence, the FoldIndex algorithm was used [36] , an unsupervised method which uses the classical charge/ hydrophobicity plot.
The method founds the C-terminal region of Fhit unfolded/disordered: from 92 to 147 (Fig. 6) . The unstructured loop 107-127 is placed within the predicted disordered region. Nonetheless, one has to keep in mind that the X-ray crystallographic data position the amino acids 132-144 in a structured a-helix segment. However, in X-ray crystallography, crystal packing may enforce certain disordered regions to become ordered.
Conclusions
We demonstrate here that, in the process of the formation of the PSA/Fhit complex, the ligand ApsxpsA (K i = 35 nM, [15] ) competes with PSA for the same binding site (the histidine triad active site pocket). Because of the construction of the PSA probe, the adenosine residue should be docked inside the active site, whereas 5Br-dU, located outside the binding cleft, should remain available for interactions with other amino acids (Fig. 5) . The photocrosslinking property of 5Br-dU was helpful in the identification of the interacting amino acids after digestion of the PSA/Fhit complex by trypsin, followed by LC-MS/MS analysis. Thus, we identified a NDSIYEELQK peptide that reacted with the 5Br-dU residue of PSA. On the basis of these results, using computer modeling, we proposed possible interactions between PSA-3 and Fhit (Figs 5 and S4 ). This model shows the substrate/Fhit complex as an occlusive structure, capable of reacting with some ligands. Our findings are in agreement with earlier biochemical studies which suggested that this segment may be involved in binding and/or hydrolysis of the substrate [21] .
Our results indicate that the flexible loop 107-127 with Tyr114, located within the disordered region of Fhit, may play a role in the stabilization of the substrate/Fhit complex. This may be important for [17] was used as a template for molecular modeling. The missing loop fragment (aa 107-127) was modeled using the SWISS-MODEL web server [46] . The PSA-3 coordinates were generated using the JLigand program from the CCP4 suite [47] . The ligand molecule was manually docked into the binding pocket of the Fhit protein using the Coot program [48] . For the final Fhit-PSA complex model, the energy minimization was calculated using YASARA Energy Minimization Server [35] . The figures were created with PyMOL [49] functions where interaction with the substrate is necessary to exert given activity of Fhit, for example, as apoptosis signaling complex or as scavenger decapping enzyme [16] . On the other hand, the flexibility of this region is required to open/close the active site cleft (Fig. S4) and reversibly bind to various interacting partners. Thus, the intrinsic disorder may be important for Fhit to exert diverse roles in the cell [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] : controlling cell proliferation, proapoptotic signaling (enzymatic activity is not required), sensitivity to DNA damage responses, and as scavenger decapping enzyme (enzymatic activity is essential) [16] .
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Additional Supporting Information may be found online in the supporting information tab for this article: Data S1. Materials and methods. Fig. S1 . Purity of Fhit protein used for study tested using SDS-gel electrophoresis. Line 1 -protein standard; Line 2 -2 lg of Fhit (16.8 kDa). Gel (12%) staining by PageBlue Protein Staining Solution (Thermo Scientific). 
